Critical to our understanding of the immune system diversity is the determination of the number of germ line V genes. The total number of V genes is given by the product: number of subgroups x number of germ line genes per subgroup. Studies of K chains and of embryonic DNA indicate 5-10 V genes per subgroup. Statistical analysis of the limited sequence data of mouse K chains suggest about 50 V K subgroups. We report here a general approach for direct estimation of the number of V^ and V^ subgroups expressed in normal spleen, and present data for V^. The K mRNA of the spleen is a heterogeneous population where different V^ are linked to the same CK;, i.e. C K equals total V K . The ratio C^/distinct V K approximates the number of subgroups since V K of the same subgroup cross hybridize while V K of different subgroups do not. This ratio was determined by molecular hybridization of cloned C K and V K DNA probes with spleen mRNA. The results indicate the expression of 280 V K subgroups in mouse spleen. Assuming an average of 7 genes per subgroup, we estimate about 2000 V K germ line genes.
INTRODUCTION
Amino acid sequence data of immunoglobulins (Ig) and recent studies of Ig genes suggest that antibody diversity is generated by three major mechanisms: 1) somatic recombination of gene segments (V,J, D) that account for diversification in the third complementarity determining region of the V-region (1-3), 2) somatic mutations observed in some (4-6) but not in all V-genes (7), 3) multiple germ line V-genes. To evaluate the contribution of multiple V genes to antibody diversity it is necessary to know the number of germ line genes coding for both light(L) and heavy(H) chains, and this number is still not resolved (8) . The V-regions fall into subgroups, each consisting of several V-regions closely related in sequence. Therefore, the total number of V-genes is given by the product: number of subgroups x germ line genes per subgroup. Amino acid sequence data (9, 10) , molecular hybridization in solution of V probes with genomic DNA (11) , and the number of bands containing V-genes revealed in Southern blots (12, 13) , indicate 5-10 germ line V-genes per subgroup. The number of subgroups, however, is less certain. Amino acid sequences of myeloma K chains indicate 24 subgroups in BALB/c (9) and 14 in NZB (10) mice. Since the sequence data are limited these numbers may be an underestimate. Statistical analyses indicate about 50 V K subgroups (14) .
Using this value, and an average of seven V K genes per subgroup, the current estimate is about 350 V K germ line genes (10) . We report here an experimental approach for direct estimation of the number of different subgroups expressed in normal spleen. In principle the procedure can be applied to quantify expressed V^ and V^ genes in any species, and it is described for mouse V K .
In the genome there are no useful markers quantitatively linked with the multiple V-genes, however, at the mRNA level there is a one to one relation between V and C regions. The K mRNA of the spleen is a very heterogeneous population in which many different V K sequences are linked to the same C K sequence, i.e., total C K equals total V K . The ratio total C K /distinct V K approximates the number of V K subgroups because: 1) C K measures total V K , 2) V K sequences of the same subgroup cross hybridize while those of different subgroups do not (11, 15) . Thus, by measuring total V K (via C K ) and distinct V K , the number of different V K subgroups is given by their ratio. This ratio is determined from the annealing kinetics of C< and distinct V K DNA probes with spleen mRNA. The results indicate that about 280 different V K subgroups are expressed in the spleen of mouse. Assuming seven genes per subgroup, we estimate about 2000 V K genes. Considering this value and the combinatorial joining of V and J gene segments at alternative frames (1-3), we calculate that > 10,000 distinct V K genes can be generated from the genome. This large number stress the importance of multiple germ line V genes in the generation of antibody divarsity.
MATERIAL AND METHODS
mRNAs. The K chain mRNAs (M-321 and M-41) were prepared from myeloma polysomes specifically precipitated with antibodies to L-chain (16) , and further purified by chromatography on oligo(dT)-cellulose and sucrose gradient centrifugation (17) . The purity of the K-chain mRNAs obtained was estimated to be over 95% by several independent criteria (15,18). The Kirby's procedure (19) was used to prepare intact RNA (20) from the spleens of BALB/c mice aged 8-10 weeks. The RNA was passed on oligo(dT)-cellulose to provide the poly(A)-rich RNA fraction designated here as total spleen mRNA.
Full length M-321 cDNA. The purified M-321 K mRNA served as template for [ H]cDXA synthesis (8000 cpir./ng), using A.'IV reverse transcriptase. The 3B10 cDNA was fractionated on an alkaline sucrose gradient. The heavy cDNA fraction was isolated and annealed with M-321 mRNA. Hybrids with a high Tm were separated by thermal elution from hydroxylapatite, and the cDNA was freed of mRNA by alkaline hydrolysis (15). The cDNA was 1000 nucleotides long (insert Fig. 1 ) and thus contained sequences coding for the e n t i r e variable (V) and constant(C) regions.
Recombinant plasmids. The purified M-321 K mRNA served as template for AMV reverse transcriptase to prepare cDNA (15), which was converted to the double stranded (ds)DNA by using the Klenow fragment of E. coli DNA polymerase I. The dsDNA was digested with SI nuclease and deoxy(C) " t a i l s " (approx. 15 residues) were added by terminal deoxynucleotidyl transferase. Plasmid pBR322 DNA was cleaved with PstI endonuclease and treated with terminal deoxynucleotidyl transferase to add deoxy(G) " t a i l s " (approx. 10 residues). The t a i l e d dsDNA and Pstl-cleaved plasmid were annealed and used to transform E. coli strain X1776 as described by Bothwell et a l . (6) . The transformed colonies were screened (21) with [ 32 P]cDNA prepared from M-321 L-chain mRNA. From positive colonies we isolated the picB/23 plasmid with an insert 1000 bp long (Fig. 2) . Procedures used conformed to the NIH Guidelines for Recombinant DNA Research. The pABXi-1 plasmid (prepared from M-104E myeloma) with a DNA insert of 900 bp corresponding to full length Xi L-chain, was described (22) . ssDNA probes from cloned DNA. Probes of C K and d i s t i n c t V K were prepared from the picB/23 plasmid (15 ug) which was digested (37°/l hr) with Hpal (6 u n i t s , Biolabs) and PstI (30 u n i t s , BRL). The digest was subjected to gel electrophoresis (1.4% agarose in 40 mM Tris, 20 mM Na-acetate, 0.5 mM EDTA, pH 7.8) to resolve a l l DNA fragments -4360 bp of linearized pBR322; 520, 320 and 160 bp from the i n s e r t . The 520 and 320 bp fragments were eluted from the gel by freezing in dry i c e , and squeezing the fragments out together with the liquid (23) . The fragments were alcohol precipitated and 0.1 ug was nick translated (24) using [a- 3 2 P] dATP and dCTP (400 Ci/mmol). The labeled fragments were denatured (100°/2 min), and each was annealed with 50 fold excess of pure M-321 K mRNA to a Crt of 0.015 mole x l i t e r " x sec, at 68° in 0.3 M NaCl, 20 mM Tris -HC1 (pH 7.4), 2 mM EDTA, 0.1% SDS. The reaction mixture was loaded at 60° on a column of hydroxylapatite (1 gr) equilibrated with 0.12 M Na-phosphate (pH 6 . 8 ) , 0.4% SDS. Non-hybridizing material was removed by washing the column with same buffer at 75°. Retained hybrids were eluted with 0.4 M Na-phosphate, phosphate was removed by gel f i l t r a t i o n on Sephadex G-50, and the ssDNA probe was recoverd from the DNA-mRNA hybrid by treatment with 0.3 N NaOH (37°/16 h r ) . The ssDNA was self-annealed in 50 ul for 24 hr as described above, i t was loaded at 60° on hydroxylapatite equilibrate with 0.12 M Na-phosphate 0.4% SDS, and the ssDNA that passed through was collected. Phosphate was removed by gel f i l t r a t i o n and the ssDNA probe was concentrated by alcohol p r e c i p i t a t i o n .
Probes of C^j and V^ were prepared from the pABAi-1 plasmid (15 ug) digested with P s t l . The digest was run on 1.4% agarose gel, the Xi insert (900 bp) was eluted from the gel and i t was nick translated as described above. The labeled i n s e r t was treated with MboII, the digest was run on 1.4% agarose gel to yield the V. fragment (400 bp) and two C^ fragments (about 240,200 bp) which were extracted from the gel. The V^ and both C^ fragments were denatured (100°/2 min) and annealed with 50 fold excess of purified RPC-20 Xi mRNA (25) to a Crt of 0.03 mole x l i t e r " 1 x sec, at 68°. Isolation of the Xi ssDNA probes by hydroxylapatite chromatography and self annealing was as described above for K probes.
The yield of ssDNA probes was 10-20% of the input labeled dsDNA i n s e r t , 4 and t h e i r specific radioactivity was 2-3 x 10 cpm/ng. Molecular hybridization. RNA-DNA hybridizations were performed at 68°i n solutions containing: 0.3 M NaCl, 20 mM Tris -HC1 (pH 7.4), 2 mM EDTA, 0.1% SDS, 3 ng/ml ssDNA probe, and mRNA. The concentration of spleen mRNA ranged betweem 33 t o 3,300 ug/ml to obtain the low and high Crt values. Aliquots (25 yl) removed at various time intervals were assayed for hybrid formation by digestion with SI nuclease (26) . Reactions with ssDNA probes but without added mRNA were similarly analysed, and the background (3-8% resitance to SI nuclease) was subtracted.
RESULTS AND DISCUSSION
The r a t i o of t o t a l C K /distinct V K in a model system. We f i r s t performed a model experiment showing fairly accurate quantitation of t o t a l (^ and d i s t i n c t V K in the presence of a large abundance of unrelated V |c . This would simulate the analysis of spleen K mRNA where different V^ regions are linked to the same C K . The model system included M-321 and M-41 K mRNAs which are of different subgroups (27) , and M-321 cDNA. The cDNA probe was 1000 nucleotides long corresponding to the e n t i r e C+V 321 regions (insert Fig. 1 ) and i t s p u r i t y was estimated to be greater than 95% (15, 18). The M-321 mRNA -4 and cDNA hybridized with Crt^ of 3.2x10 , and a t saturation the e n t i r e length of the cDNA (98%) was annealed. The M-41 mRNA also hybridized with Crt^ of 3.2xlO'
4 , but at saturation only 55% of the cDNA was annealed (Fig. 1) . We This was expected because M-321 and M-63 K chains are of the same subgroup (7% difference in V region, ref. 27). We then analysed a mixture of M-521 and M-41 mRNAs in which M-321 comprised 0.45% of the total mRNA. Hybridization with M-321 cDNA showed a biphasic curve (Fig. 1) . The fast hybridizing component had a Crt** of 3.2x10" and saturation at 55%. This corresponded to the C K portion of both the M-41 and M-321 mRNAs. The slow hybridizing component with a Crt^s of 1.2x10* corresponded to the annealing of the V 321 sequence. (20) . Accordingly, a distinct V K was expected to comprise about 0.01%, or less, of the spleen mRNA. A cDNA prepared from a highly purified K mRNA may be contaminated by trace amounts of unrelated sequences that can hybridize in the Crt range of a V region. Consequently the observed Crt^ value would not measure accurately the abundance of V. Therefore in the analysis of spleen mRNA only cloned probes of V and C were used. Also, from cloned DNA i t was relatively easy to prepare separate V and C probes, each of which should yield the usual one transition hybridization curve. This overcomes difficulties in the interpretation of bi-phasic curves obtained with probes having both V and C sequences, particularly when the Crt^ values of V and C are not far apart.
The K and Xi mRNAs were cloned in pBR322. We used two recombinant plasmids, pKB/23 and pABXi-1, with K and Xi inserts of approximately 1000 and 900 bp, respectively. Considering the size of the inserts and their restriction enzymes cleavage maps (Fig. 2) i t is evident that both inserts have the entire V and C sequences. Furthermore, the DNA sequence of the 160bp Pst/Pst fragment of pKB/23 was determined. As expected, the sequence corresponded to the amino terminal portion of the M-321 L-chain precursor (28) , and in addition i t contained 14 nucleotides of the 5' untranslated region (Fig. 3) .
From the PstI and Hpal digest of picB/23 we isolated two fragments from which the ssDNA probes were prepared for molecular hybridization in solution (see Materials and Methods). The C K probe (520 nucleotides) corresponded to the sequence from Leu 125 through the C K region to the end of the 3' untrans- number of germ line genes in the V 321 subgroup was estimated to be six (12) and ten (33) from blot hybridizations, 4-6 from saturation hybridization in solution (11) , and six from K chain amino acid sequence data (32) . These numbers are within the accuracy of the methods employed, and are comparable to the size (6-11 V genes per subgroup) of other unrelated subgroups: MPC-11 (11), M-21 (34), M-149 and M-41 (35) . Even though the subgroups in the genome appear to be of comparable size, they may differ in transcription efficiency, and may not be equally represented in spleen mRNA. To explore this possibility the spleen mRNA should be analyzed with several V K probes of different subgroups. From the range of values obtained with different V K probes i t will be possible to refine the number of V K subgroups expressed in normal spleen. From the discussion i t is evident that by using only the V 321 probe, we obtained a tentative number of the different V K subgroups expressed in normal spleen. Nonetheless, i t is of interest to use this number for evaluating the germ line repertoire. Assuming 280 different V K subgroups and an average of seven germ line genes per subgroup, then about 2000 V K germ line genes can be expressed in spleen lymphocytes. The genome may, or may not, contain more V K gene segments. The recent demonstration of pseudo V-region genes suggests that about 20% of the mRNA molecules detectable by hybridization are defective and are incapable of producing functional Ig chains (6, 36) . Considering this finding and the accuracy of molecular hybridization, we suggest there are at least 1,000 functional V^ gene segments. The 1000 V K gene segments by combinatorial joining with the four functional J K segments (amplification factor x 4) at different frames (x3) can generate about 10,000 distinct V^ regions. Similar analyses with Vjj probes will provide a number estimate for VJJ genes. We note that a value for V H close to that of V K would generate more than 10 7
Ig molecules, assuming random association of L and H polypeptide chains. This number approximates the estimated antibody repertoire (> 10 ) of the mouse (37) , and suggests that multiple germ line V genes play a major role in the generation of antibody diversity.
